Transmission electron microscopy (TEM) analyses of the defects formed in epitaxial SrRuO 3 films on SrTiO 3 (001) substrates are reported. With preparing three different forms of TEM specimens, i.e. plan-view, cross-sectional and free-standing specimens, various TEM techniques were implemented with placing emphasis on the effect of misfit strain on the defect formation. With in-situ TEM heating observations, the present TEM results provide insights into the formation mechanism of misfit dislocations, the occurrence of anti-phase boundary ribbons near the misfit dislocations, and the structural phase transitions of epitaxial perovskite films.
Introduction
SrRuO 3 is a metallic conductive oxide that crystallizes in an orthorhombic distorted perovskite-type structure with the lattice parameters of a ¼ 0:5538 nm, b ¼ 0:5573 nm, and c ¼ 0:7856 nm at room temperature. 1) Because of the small distortions in RuO 6 octahedra arrangement, the crystal can be regarded as a pseudo-cubic structure with a lattice parameter of a 0 ¼ 0:393 nm. SrTiO 3 has a lattice parameter of 0.391 nm and is a standard substrate used for the epitaxial growth of perovskite films. The SrRuO 3 /SrTiO 3 film/substrate system shows the smallest known lattice misfit (0.64%) in perovskite oxide combinations. The heteroepitaxial SrRuO 3 /SrTiO 3 films have been extensively explored recently as bottom electrodes or buffer layers for growing high-quality ferroelectric and superconducting oxides because the grown SrRuO 3 films are electrically conductive, structurally compatible, and chemically stable when in contact with most of the perovskite oxides. [2] [3] [4] Understanding and control of the defects forming in an epitaxial SrRuO 3 film are important because they can growin to subsequent active overlayers or modify their growth modes. Although the defects such as misfit dislocations and orientation domains in SrRuO 3 films are regarded as being energetically stable, the associated defects can cause structural imperfections at the film surface or the interface with substrate. Misfit dislocations relax the accumulating misfit strain over a certain film thickness. 5) Misfit dislocations are, however, inevitably associated with threading dislocations which extend and deposit interfacial segments. The threading dislocations can degrade the flatness of film at the intersection with film surface. 6) In addition, threading dislocations are also known to deteriorate electrical properties of epitaxial films. The orthorhombic structure of SrRuO 3 may result in the formation of orientation domains on the SrTiO 3 substrate. The orthorhombic orientation domains are linked by orthogonal twin relationships at their boundaries. 7) The resulting twin boundaries in a SrRuO 3 film can induce a roughness at the intersection with film surface.
In this article, we present transmission electron microscopy (TEM) analyses of the misfit dislocations, the anti-phase boundary (APB) ribbons and the orthorhombic orientation domains generated in strained SrRuO 3 films grown on SrTiO 3 (001) substrates. The characteristics of defects are investigated by using various TEM techniques and the effect of misfit strain on the generation of these defects is discussed.
Experimental Details
Epitaxial SrRuO 3 films were grown on SrTiO 3 (001) substrates by ion beam sputtering. SrTiO 3 (001) substrates with the dimension of 10 Â 10 Â 0:5 mm 3 were used, of which one side was polished in optical grade. The miscut angle of the (001) surface was about 0.2 . The TiO 2 -terminated SrTiO 3 (001) surface was prepared by treating the crystal with a pH-controlled NH 4 F-HF solution, following the method described by Kawasaki et al. 8) The etching selectively removes SrO terminated patches on the surface, resulting in a single TiO 2 -terminated surface with a unit cell step height. SrRuO 3 films were grown on both non-etched and etched substrates. The films with various thicknesses were deposited: 5, 7, 10, 20, 50, 75, 100, 200, and 300 nm at 800 C. The deposition rate was maintained constant at 0.04 nm s À1 for all films. Further details on the film growth are given elsewhere. 5, 6) In the present article, we concentrate on the three film thickness levels, i.e. 10 nm, 20 nm and 75 nm. In the presence of misfit dislocations, all of the SrRuO 3 films showed semi-coherent interfaces with SrTiO 3 substrates. 5) A field emission microscope operating at 200 kV (JEM-2010F, JEOL) was used for TEM. In-situ TEM heating was performed in a conventional TEM (JEM-200 CX, JEOL) by using a double-tilt hot stage holder. The plan-view and crosssectional TEM specimens were prepared following conventional methods consisting of dimpling and ion milling for electron transparency. A free-standing SrRuO 3 film was prepared by dissolving the SrTiO 3 substrate in a HF: HNO 3 :H 2 O solution mixed in approximately 1 : 1 : 1 ratio. The free-standing film was supported in a standard carbon support film on Cu grid. The Burgers vector of misfit dislocations was determined by g Á b invisibility criteria, high resolution transmission electron microscopy (HRTEM), and large-angle convergent electron beam diffraction (LAC-BED). In a bright-field (BF) LACBED, the substrate dislocations connected to misfit dislocations showed pronounced g Á b interactions with the reflection lines in the LACBED disk, which results in the formation of n nodes at the crossing position according to g Á b ¼ n (g = reflection plane indices; b ¼ Burgers vector; n ¼ integer). We used the convention described by Tanaka et al. for the determination of the relative sign of n. 9) In addition to the two-beam BF imaging of dislocations, the conventional g=3g weak beam dark field (WBDF) imaging was used, especially for the sample with a high density of misfit dislocations. The evolution of crystal structure and orthorhombic orientation domains of the films were determined by selected-area electron diffraction (SAED). The crystallographic direction and plane indices of SrRuO 3 were indexed based on the pseudo-cubic structure, unless stated otherwise. Figure 1 (a) and (b) show cross-sectional view of a set of misfit dislocation array in two-beam BF and WBDF imaging modes, respectively. The 20 nm thick SrRuO 3 was partially relaxed with forming a network of misfit dislocations along the two equivalent h100i directions (the corresponding planview TEM images of this sample are shown in Fig. 4 and 7) . The measured dislocation spacing was $120{150 nm in average. 5) At the particular two-beam condition of g ¼ 040, the array of misfit dislocations lying along the [100] viewing direction is visible in a projection whereas the other array along the [010] direction is invisible due to the g Á b ¼ 0. It is observed that several misfit dislocations (e.g. 'BC' in Fig. 1(a) ) are connected to pre-existing dislocations in the substrate ('AB'). (see also the long threading dislocation in Fig. 3(a) , which is also one of such substrate dislocations). This indicates that the substrate dislocations are working as effective sources for the nucleation of misfit dislocations. A schematic drawing in Fig. 1(c) outlines the dislocation configuration. The threading component, as indicated by 'CD', is not shown in Fig. 1 
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Misfit dislocations
(a) and (b).
The Burgers vector of misfit dislocations was determined by g Á b reactions between the high order Laue zone (HOLZ) lines in a BF LACBED pattern and a substrate dislocation connected to misfit dislocation. The 10 nm thick SrRuO 3 film was used in plan-view [001] orientation. This film thickness was chosen as the density of misfit dislocations was much lower than that in 20 nm thick sample. At least three g Á b reactions were made for the unambiguous determination of b, as displayed schematically in Fig. 2(a) . Counting the number of nodes at the crossing point and simple calculation yield that b is ah011i type. 5, 10) A typical pattern obtained with the g ¼ 2 240 is shown in Fig. 2 (b). When we define the line direction of dislocations as [100], the Burgers vector of misfit dislocation is perpendicular to the line (edge type) and, at the same time, it is inclined by 45 with respect to the interface plane, due to the existence of the out-of-plane component ah001i. The in-plane edge component of Burgers vector ah010i works for the relaxation of misfit strain whereas the out-of-plane component vector parallel to the growth direction cannot accommodate misfit strain.
As a strained epitaxial film is growing thicker than the critical thickness, the accumulating misfit strain begins being relaxed by introducing dislocations. The potential sources for the nucleation of misfit dislocations are either pre-existing dislocations in the substrate or inhomogeneities at the film surface or both. As a film is grown epitaxially, the preexisting dislocations in a substrate are easily extended into the growing film. Above the critical thickness these threading dislocations are forced to bow and move (by glide or climb) in the film, thereby laying down an interfacial segment at (or near) the interface. The dislocation density in commercially available SrTiO 3 (001) substrate is known to be an order of 10 3 -10 4 cm À2 . 11) In the plan-view TEM observations of Defects in Strained Epitaxial SrRuO 3 Films on SrTiO 3 Substrates10 nm and 20 nm thick films, the dislocations connected to the interfacial segments of misfit dislocations are much longer than the film thickness. Obviously, it indicates that such long dislocations are not the threading segments which propagate in the film but the substrate dislocations. The short threading segments (corresponding to 'CD' in Fig. 1(c) ) are not frequently observed, implying that once nucleated, threading dislocations propagate across the whole sample area. The nucleation of dislocation half-loops at stress concentrations of the film surface is a plausible mechanism but would be more difficult than the extension of the substrate dislocations. This might be true for the present SrRuO 3 films, considering that they grew by the flow of atomic steps, i.e. step flow growth mechanism. 6) If a three-dimensional island growth mode prevailed for the growth of SrRuO 3 , the introduction of misfit dislocation through the boundaries of islands would be an additional source during the coalescence stage. For the present SrRuO 3 /SrTiO 3 system, we suggest that the most effective dislocation source is the extension of pre-existing dislocations in SrTiO 3 . It should be addressed though that the substrate dislocations in a single crystal SrTiO 3 (an order of $10 3 -10 4 cm À2 ) can not fully account for the observed dislocation density on the interface plane, which is estimated to be $10 10 cm À2 . One may consider a higher density of dislocations near the edges of small square substrates of SrTiO 3 , presumably introduced during cutting or grinding processes.
3APB ribbons near the misfit dislocations
The presence of APBs was observed adjacent to the misfit dislocations. Figure 3 The configuration of APBs with respect to the misfit dislocations indicates that they were formed during the propagation stage of the threading segments of misfit dislocations. Much narrower widths of APBs were observed for the SrRuO 3 films grown on the etched substrates, where the density of misfit dislocations was also higher than that observed on the non-etched substrate. Figure 4 shows a planview WBDF image obtained from the 20 nm thick film grown on an etched substrate. The APB ribbons bounding misfit dislocations appeared in bright contrast, of which the width is a few 10 nm. In general, an APB is characterized by a crystallographic shear vector R describing the relative displacement of the two parts of the crystal on either side of the boundary.
12) The crystallographic shear vector of an APB is analogous to the Burgers vector of the dislocation that produces a stacking fault on glide. The perturbation in atomic stacking induced by APB was observed using HRTEM in cross-sectional h100i direction. Figure 5 shows a h110i Bragg-filtered HRTEM image of a misfit dislocation located at the interface in an end-on projection (the raw image can be found in Ref. 5)). The misfit dislocation is displayed as the two partial edge dislocations with Burgers vectors of a=2h011i type with the same sense, which makes a sum of ah011i (denoted by the dislocation symbol ? in black color). The presence of additional partial dislocations with (projected) Burgers vector of a=2h011i type can be identified along the interface (the dislocation symbol ? in white color). In each pair at both sides of the misfit dislocation, a partial dislocation is followed by another partial dislocation which has Burgers vector with the opposite sense. Plan-view TEM observation showed that the APB ribbons were very narrow in the 75 nm thick film grown on an etched substrate, only a few nm in width. The extra half planes of partial dislocations are indicated by white lines. Since the Burgers vector of a=2h011i is not a lattice translation vector in the perovskite structure, a partial dislocation makes the fault in stacking sequence.
12) The following partial dislocation with the opposite sense restores the original stacking sequence. Thus, the stacking fault bounded by two partial dislocations with Burgers vectors with the opposite sense results in the formation of an APB domain. It should be addressed that there exists ambiguity in the determination of full Burgers vector of the partial dislocations in the HRTEM image (i.e. whether it is a=2h011i or a=2h111i) due to the projective nature of HRTEM image along the [100] direction.
Referring to the configuration, the formation of APB is closely related to the propagation of misfit dislocation such that the strain field around the dislocation core may facilitate the lattice shearing of APB. Although the partial dislocations in APB carry the in-plane edge components, i.e. a=2h010i, their contributions to the misfit relaxation are not significant since they are canceled each other in a pair. Instead, it can effectively accommodate local non-stoichiometry in the SrRuO 3 film. Oh and Park reported that a small amount of excess Ru in SrRuO 3 can be accommodated as a planar defect structure consisting of edge-shared RuO 6 octahedra with a displacement vector a=2h110i.
12) Further excess of Ru above the solubility limit in SrRuO 3 , however, resulted in the formation of Ru precipitates. 12) Figure 6 shows the Ru precipitates formed in a Ru-excess SrRuO 3 film. The Ru precipitates were grown in 'rod-like' shapes and were oriented preferentially along the h110i directions of the substrate. The interface between Ru precipitate and SrTiO 3 substrate was incoherent due to the large lattice misfit (5.3%). Near the precipitates the lattice coherency between the SrRuO 3 film and the substrate was locally disturbed. The experimental findings that the formation of APB was more pronounced on a non-etched SrTiO 3 (001) surface further supports the role of APB. The SrO surface patches with half unit cell height present on the non-etched SrTiO 3 (001) surface might attract RuO 2 preferentially, leading to the formation of APB with respect to the film growing on neighboring TiO 2 terminations. 
Orthorhombic orientation domains
The SAED pattern of a partially relaxed 20 nm thick SrRuO 3 film is shown in Fig. 7(a) . The reflections originating from the orthorhombic symmetry of SrRuO 3 are noticeable in the diffraction pattern (marked by the orthorhombic c-axis in the enlarged view). The dark-field (DF) images formed by each orthorhombic reflection, however, yield diffuse orientation maps (the images are not shown here). The asymmetric distribution of misfit dislocations with non-uniform spacings (Fig. 7(b) ) reflects that local strain is not uniform in the film, which leads to a weak correlation in the tilting of RuO 6 octahedra over only a short distance. One obvious evidence of the orthorhombic symmetry is the generation of screw dislocations running along the h110i directions. These dislocations accommodate non-orthogonal symmetry of the film lattice on the cubic lattice of substrate. 5, 13) In contrast, the free-standing film showed distinctive domain patterns with forming well-defined domain boundaries. Figures 8(a) -(d) show a SAED pattern and the DF images formed by each orthorhombic reflection marked in (a). In the absence of misfit strain, the whole area of film became stabilized in the orthorhombic structure with forming a salient orientation domain pattern.
In-situ TEM heating of a free-standing SrRuO 3 film directly shows that the strain-free SrRuO 3 undergoes a series of structural phase transitions. Figure 9 (a) shows a BF image and a SAED pattern taken at room temperature. The region of interest was bent down in a concave shape, showing a zoneaxis reflection pattern in the real space image. The diffraction pattern indicates that all possible orientation domains exist. At around 450 C, the 1=c reflections disappeared in the diffraction pattern while the growth of orthogonal twins is observed in the BF image (black arrows). The diffraction spots which are indicative of the a and/or the b axes of the orthorhombic structure are still visible (white arrow). These results imply that the orthorhombic structure was transformed to a tetragonal structure (P4=mcm) with a $0:557 nm and c $0:395 nm. The tilting of RuO 6 octahedra along the caxis occurred such that the out-of-phase arrangement of corner-shared octahedra became in-phase, which results in the reduction of unit cell volume by half. The tetragonal phase nucleated with a twin relationship to the orthorhombic matrix. At 600 C, the tetragonal reflections disappeared completely, as a result of the second phase transition to the cubic phase (Pm3m) with a $0:397 nm. These results reflect that at the growth temperature (800 C) the stable phase of SrRuO 3 is the cubic phase and, thus, the SrRuO 3 film is grown in pseudomorphic to the cubic lattice of SrTiO 3 . The tilting of RuO 6 octahedra that leads to the structural phase transitions occurs during the subsequent cooling stage. The tilting of RuO 6 octahedra depends critically on the residual misfit stain in the film so does the evolution of orthorhombic orientation domains. 6) The previous studies reported that the ideal cubic phase (space group, Pm3m; a > 0:393 nm) is transformed to the orthorhombic phase (Pbnm; a ¼ 0:5538 nm, b ¼ 0:5573, and c ¼ 0:7856 nm) via a transient tetragonal phase with the space group of either P4=mbm 14) or I4=mcm. 15) The transformation is ascribed to the result of rigid tilting of RuO 6 octahedra about all three axes. The out-of-phase tilting of the octahedra results in a multiplication of the unit cell; the unit cell of the orthorhombic structure is four times that of the ideal cubic perovskite structure and contains 20 atoms in four formula units. From a microstructural point of view, the phase transition can result in the formation of orientation domains, which are related by orthogonal twins. In a highly strained film, however, the phase transitions can be suppressed, which results in the stabilization of SrRuO 3 film into a pseudomorphic (cubic) structure even down to room temperature.
6) The evolution of orientation domains is, thus, in turn, closely related to the density and symmetry of dislocation network. 6) 
Conclusion
We investigated the structural imperfections encountered in the growth of epitaxial SrRuO 3 films on SrTiO 3 (001) substrates by TEM. A cross-grid pattern of misfit dislocations with ah011i Burgers vector was formed at the interface along the two equivalent h100i directions. The effective Burgers vector for the relaxation of misfit strain is the in-plane edge component of ah010i. TEM observations revealed that the pre-existing dislocations in the substrate act as effective sources for the generation of misfit dislocations.
The formation of APB ribbons was observed along the misfit dislocations. Wider APB ribbons were observed when SrRuO 3 film was grown on a non-etched SrTiO 3 substrate. The formation of APB ribbons is associated with the accommodation of inhomogeneities in the surface termination of SrTiO 3 substrate and/or in the local composition of growing SrRuO 3 film.
During the cooling stage a (partially) relaxed SrRuO 3 film undergoes the structural phase transitions which are accounted by the tilting of RuO 6 octahedra. In-situ TEM heating of a free-standing SrRuO 3 film verifies that SrRuO 3 is deposited as a high-temperature stable cubic phase at the growth temperature, which is also pseudomorphic to the cubic lattice of SrTiO 3 . The evolution of orientation domains is influenced by local residual strain in the film, such that it tends to suppress the tilting of RuO 6 octahedra to the same orientation over a certain distance. The strain effect is manifested, upon the removal of substrate, as a free-standing SrRuO 3 film develops a stable domain pattern with well-defined boundaries.
